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Introdn<~rir, n 

This invention *-ei?- = e _ 
mate-Lais »r- • ? generally to foamed 

tQ ! ! ' Pre:erafll - V Earned plastic materials . h 
wo techniques for maJHnr. = ^ e -e-ials, and 

a nri „ 5 and Usint ? SUl =h materials 

and, more particularly - to • trials, 

tiuifi*-* 6 Uss of suoercritical 

fluid, for producing supermicrocellula,- foamed 
materials which cm'«*«.v. . r.i— 7 
of material dens^es " rela -vely wide range 

small voids or cell's ° f 
cells p er unit volUfflft 

mate'aT 9 :::- ^ ~io na i foaaed 

have";!::; ™ o ::? olymer plastic — - ■ 

techniques for ^ * ^ 

Physical blowin age r^r^ 1 ^ «~** ~ 
is described, fir 1 2 * ^Jf ^ 
"Plastics. Engineering;- Vol 32 , " ^ 

discusses various chLJ ~ bl 1976 ^ 

—s are g^^^ ~ «** 

expounds which decompose at I ^ t I ^ ^ 
ana release a cas rm- crit ^l temperature . 

divide, or caion 1 ^ ™* M nlte *™' 
ohys^ca "J * " Tech ^« using 

-nys.cal agents xnclude the introduction of 
a component of a D0 iv™ o - • ■ gas as 

T ~ Pressure into molten polymer 

, 3.<M.77I issued to cr«nb, rg on Karch 12 , „„ 
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Such earlier used and s - a „H=^ * 
' Produce voids or cells X ^ 
vhich are relatL ^ " e" ^ 
herons, or greater ° n ° rder of 10 ° 

' ranges o^'Z ^ " relative ^ 

20%H »o L aCtl ° n P ™*«< e.g., fron 

per iv;^^::::" 1 ,- The n — - — 

a generally non-uL Z ^ £ ^ !*" * 
throughout the f0£ffied J; - ™ "lis 

to have relatives i ou » • Aerials tend 

~ 0 ., • • ~ au - Ve - y low Mcnanical strengths and 
toughness and there =„ • . • 

di.i^ ■ inability to control the 

dielectric constant thereof. 

seller cell si 2es Ll -nsxties and 

&X2es - Such a orocess i <z h^~~-u - 

—=i e , in u.s. P5tent Ko . ; ^Tll " ; ■ 

• «/4/j,663 issued on 

Septemoer 25, ioha +-„ T r. . 1 . 

n«. • • E - Ma rtini-Vredens)cv et .V 

The ^proved technique nrovides for or " 
Plastic material to h Presaturating the . 

material to be processed with a uniform 
concentration of a gas under £ °» 

L;™°-: a SUddM1 lnd — - thermod"l, c 
,ns abili.v m order to nucleate a large number of 

" the ca" 6XaffiPlS ' ^ ffi£teri£l 15 saturated 

' ^ malntained P-ssure at a glass 
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transition temoerature Th* » _ • 

promote cell ^ tT=? • " 

the desired f< nal dpn " 2e ' de P«dlng on 

^ ^^t; , p ; r :::: 2 — 

therein. The material ic • ' 

cooled, or ouencned to ! 

structure. " m£ln ^ in the ■i=roc.l lular ' 



Such a technique tends to <nc-ea se 
density i e fS u -^cease the cell 

~- e -' the number of cell-; r,=^ 
the Parent .etetiei, ^ t , J" 1 ™ « 

•1- then those in ste„eereC"u,\! 1 " U 

The aicroeellular process ,„^** t .£»«»~- 

cell sizes that to Provide 

" U12t are generally snaiio. ^ 
critical sizes *-h- waller than the 

- s 12es that preexist in polyps so th,* 
o-ensities and th a that the 

->■« cna me COmDOsitinn *.w 

eell c^oteris, C st 0 iC " f r iB I 

such es the -dunicTi^T 1 " " "~ 
*«*»-. 0. the pol.ee, ^ ™ ^ 

microcenuiar f nam ^ . ^ 

teamed mate-risic 

using various theraoolast^s" ^ 
elastics t e nd, - Dias ^cs ana thermosetting. . 
.-asu.es, tend to have average cell =,-, 
«« « 10 .iorons, „«, vo I ^ " « «- ■ 
o« the tote! voiuae ^ ^ ^™ » SO, 

..•boat one billion do'l v„i • «"»ltl«. of 

« the perent eeterUl! ' 

^ iybs to harcenbrook 
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•t al. As set forth therein, a web D f n1 
mate-rial ic i of P^as-ic 

mate ial as impregnated with 

13 diffused put of the web in , 

web is reheated at ln . & strolled manner. 

foaming, the temo a ^ ^ ^ * ***** 
P-ess being co ; tron U :; f -e foaming 

the web to produce the h generation of 

Process is Lil d t The 

foamed piastL v T n , ^ P ^ Cti - of 
^ fi5Llc ^ materials in * r*™- ■ 

I»t cell sizes m t „. ,..„ * " coa -'-™°»s »ann,r. 

wi^in . ran S e z .. l7TtT ril1 i?P " r t0 1U 

£ co 9 microns in diameter. 

-t is desirable to nUt-^i 
—rials wnisn -Cl 

as «, as , . SVe " sa,illar «U sizes, 

cell densities !! :° I1Cr0n <>r le "' Mgber 
ns.tzes as hion es several f<m... . . 

Per cubic centiz,at.r i . ' " lons ° f v °^s 
., «. *•■ °" th « order of i 0 ls ■ 

=r so, vozos per cubic centi.et- o* ' 

•Serial, for examole Suc h . ] P "" t • 
have a caoab<li-v "»«ials should also 

fraction^ „!" 5 " ' 

(low .atari", 1 > hi9h V ° id 

low void " ra" „ T> * ~ *• ™» 

?•». or ,e SS ' * " at " U1 t0 

. FUrtSer ' i,: i« desirable to be ab>e to n-o„ 
-rcrcceliular plastics at or near JXt 

lv«- m a poller so that the overall * iM ft . 
the foaming orocess can s a • ° f 
' S Cdn b£ «9"ificantly reduced so 
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densities that provide - ^terial 

^ 1M u»provea material 
characteristics u 

- obtain- suTaat r L^rfr b£en ~ 
.at increase, preductien and 

In accordance with the invention 
-pericellular, foamed materials a~ f 
-sing supercritical fluids i I ^ by 

suoercriticai J ' ' g " es in 

ulcal Sl - ate ' which suoerc-it-»i <n •- 

suoolied to the ^ • , - oerc -i-cal fluids are 
to the materials to be foamed. The 

supercritical fi„^ ,• ne 

teane-^nro - relatively i ow 

saturation t raDrat J- 0 t IT ° 6 10 -' iiSe tie 
Point •„ a. °' pr0M " to the M1 tin 5 

in Tine polymer material f ae! 

fluid in the p 0ly , er raac P hes T:! .«•«»»«-» 

cnes £ reasonable level, 
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e.g., perhaps about 10% to 20% a*- e 

level then, it is believe ^ Soae Percentage 

then tends to act as a ^critical fl uid 

- ect as a soluT ^ " ^ 
supercritical fi uid and po^ e ~ 

-lutes during the process ^ " ° ? 

t-^ introduction of SUB ^ "~ 
■ Poller, an effective^ III ^ ^ the 

— - the po^L™ ~ « - 
aforesaid description is L ^ ^ 
theoretical explanation of vha ' t occ 

P-ess involved, the ^ ^ g the 

es requiring that such soeci'i" ""-trued 
occurs in thp ™ s ?eci.ic process necessarily 

ui the manner so described. 

When the fluid/polvaer solute . • 
suffice «. „ solution contains a 

" ni " affiount of supercritical fim d *h ■ 
suitably select - d therein at a 

• selected temperature anH 
temoe-atu-e ,„,»/ Pressure, the 

« — tadred WUi0 r 0 : ■ . 

th *" 1 -° »*=»■>. in so.e case, , ess L" „ * 

* • witn uhe invention +-u 
foaming of such materials can i. 

achieved Bt C " ln «°»» cases be 

" k (r ° 0n) tea Perature conditions. 

• The invention can be desc-iho* < 

vlth the helo of the foil ^ d6tail 

- -he following drawings wherein 
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FIGS, i and u depict 
specific volume relations u • P ress ^re vs. 

which a snap . rela ^ 10ns ^P showing the region in 
• dioxide; * llJC *-«— .« achieved for carbon 

FIG. 13 depicts a graph of the oressure vs 

temperature relationship show.no tnl 

a supercritical state is ac J ^ " Which 

uct - e ls achieved for e*rK«« ^; • . • 

FIG. 2 depicts a chart o- c~i- el. ! ^ 

and critical o^essu^ . temperatures 

' , \ " e ~ r "^itical fluid states; 
-IS. 3 depicts a diagrammatic view of an 
exemDlarv sv^ro™ * 

- OM ." - " ^ ^P^icrocellula^- 

• iCamea Aerials in accordance *th the < !• ' 

rr r5 , . ^--h tne invention; 

..«. 4 and 5 depict graphs of Dressu . e vs 

vcume relationships helpful in understanding an 
exemplary method of the invention for an ^ L 
for an actual operation of the svstem of ic 3 when 
using carbon dioxide; hen 
FIGS. 6, 7, 8, 9, 10, and 11 deoict 

microphotographs showing tvoicai rr-n 
of f ha „' typical cross-section views 
of the cells produced in various suoermicroceUula- 
roamed materials in accordance w-hVn 

vrr i, • • tne lnv 'ention; 

I 2 oepicts bar graohs o* ^h<= * 

' - 0i t!le averace eel i 
x -s pro**- £=r vsriMS sc?araicroceUuu 5 ; ^ 

the invention under substant<»..v «, 

conditions; "»-»-ly the sane exeaptery 



.10. 1 3 depicts ber graphs of the averaoe ceil 
ensitles produced £ or the various suoemicroc Lr 
oaned poller plas;ic ^ ^ ^ 

fon.ec under substantially the sane ^ 
conditions ; 
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FIG ' 14 de Pi=ts a continuous svs- e ™ „ • 

invention; " ac -°raance with the 

FIG. 16 depicts a furthe- • • 

system usinc ' £ ^ erna ^ v e continuous 

t he *» — ««. vith 

"S. 17 depicts a system, in which the f o„ i 
» ""eriei and the fmlag of a „ ^ ^ »» « 
can take slacp in - Cle . there froa 

accordant JtTl i ^ - 

" "-"Mtion of a .ateria' bv . 
^ recu lreQ £or aicroceUular foaa . ng _ 

A supercritical fl uid can be 

material i-, - P--ssure so as to place the 

serial m a supercritical fl u < d s- a - a T 
state, the sut^critica^ *i -A " SUCh 

cause it to L ' ^ P "P ert ^ vhich . 

uo ac ^/ m effect 

u^id. Thus, in tne SUD ;: C ™ s f « «. 

but the su-,.. * . ucs 0i a liquid, 

Jet r; x : n ir° thera °-' is i- 

»»=h .ore teae. 1 " ^ ^ ™ ««« 
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it. a t^ tB S^VTTS t ^ state vhen 

exceeds 1100 msi FIGS ' " ^ ?reSSUre 

depict curves 10 and 12 of nme "»P-e, 

o£ pressure vs. S Deei*ir 
volume (FIG n an* «. specific 

ir±b. i) and temperature vs. sne-if^ ' 
(TO: . 1A) for carbon dictfd- Whe , 

above lioo Dsi and ^he - ^ Pr£SSUrs is 

psi and .he temperature is above 31° r 
(curve 10A) exemplified by the shad^ , 
7T. G . „ y ^ ne sh aaed region 11 of 

c'and " is above about 3^ 

Lt-wTT is 1100 psi 

cAeiapi^xied by the sh^^^ ^ • 

carbon „• •/ gi ° n 13 °' f FIG. 1A, 

carbon dioxide is orovided in i-c =„ • 

which such critical ^ ' 2 ln 

epical pressure (1100 osii a^ 
temperature (31° C ) a- „ • 10 ° PS1) and critical 
( C) are de ?icted so as to define 
"ate by the shaded region " 

The chart of FIG. a depicts the 
temperatures and pressures for various ■ *novn 
exemplary materials, above which values sucl 
aerials are placed in their supercritical fluid 

FIG. 3 shows a diagrammatic vi«=u „f 
system for use in f 0 rJ exemplary 
m,-P- , • 9 SU ? erc ritical foamed 

--rials in accordance with the invention. As C£n 
be se en therein, a source of carbon dioxide in a . 
non-critical state is prpvded from a oressuriL 

C0 2 cylinder 20 in which co • ' • SUriZed 

lcn C0 2 ls maintained at a 
pressure and temneratu-e below -k v 

, * V " he above discussed 

critical values th p rn fv, 

me CO, therein is supplied 
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through - conduit 21 via a m„k 

. , . ~ a a hl ^-pressure valve 22 to a 

high pressure chamber 23. 

The teinDeratu i -=> of K na „, 

0i tne "amber can be cont-on^- 

conuroiiea enclosure 24 i • , 

«„i material 25, such as a 

polymer plastic material f. «i ■ 

2 3 rpu _ j. a "-"l, is piacea within chamber 

». "^temperature of the chamber is controlled to 

be set a, a selected initial temperature level. 

In order .to understand the process of the 

;;T:: t: providing £ fl ; id , such 

^ C0 2 xn .ts supercritical state, to chamber 23 
for use in producing a foamed material, it i hftlaflll 

: Err ? - lati0 n ShiPS s : r 
.Li \ z G 4 ::r epict such **■ ' 

C-S.'s when 0 s si: T£ ~ 
^ 2 - s usee m its supercritical 

* W^r 

In ecoordano. „ ith , spe=ific ex 
for prov.dinc, , superoriticai ^ 
te»p.rature..of,oha»ber 22 is initially set at 25 ° 
C. vi. , suitable temperature oontrol'o, enolosu-e 2 4 
" nS "" tr01 '"^^ » voul„ b e veU-.no™ 

fV" «• * C ° 2 9» " -aintained in 
cyimder 20 et e pressure of 850 psi (5 . a „.„ for 
—Pie. end hie* pressure valve 22 is ooened to 
supply Co, oas et suoh pressure to onager 2 3 v<a : 
conduit ai. Velve 22 is olosed (point » of „«". 4 " , 
and 5, so that initiel oonditions of e te.oereture of 
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25° c and a pressure of ssn „ • 
• chaaber 24. PSi are e stabl ished in 

The temperature of chafer 24 < s th 
0 C at which point the pressure/ t0 
B of FIGS . 4 and 5 P ; eSS ^; Gr ° PS t0 5 ^ PS!'- 

(point B of n Gs . 4 Va ' Ve 2 2 is then opened 

C >->er 23 again rises to ^ ^ ^ Pr — ** 
■ "2 cylinder (polat c Qf 830 ps * of the 

temperature of the ch J er ^ '! " 

»? « to increase froa 0 ° Cto ^ Cont «"-d 
temperature, seated ^ ^J^* 
C ^e pressure rises J ! ^^^^ case as 43° 

-lue ^ovn theoreticali; In th'" 5 ' * 2 ^ 
P-i (point d of fig 4, T 1Q££1 C£se as -sooo 

Pressure aust be e^J" J f**** case, the 
li*irs imposed by the ohaabe- 23 T ^ ^ 

the P-ssure va^I JL * Practical 

—eased to 3000 p si ^ ^ 

kZ P° int D, the CO, i s in a 

state and acts as * SUPer cri tical 

uS as a suDercr^' t < c, i > n 
Point, the co 2 is SUOD i£d ;;- Cal flu ^- At suoh 

Serial 25 to forn P ° W pl "tio 

containing a sufficient- ' s °l« ion 

^cicient amount of c , ir ^ 
for a superaicroceUula- , su Percritical co, 

* parties Mtu " l""" pro «" occurs 

hav i"5 » thickness 
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of about 1/16 inch, the time period for such 
operation is about 30 minutes, such time being more 
or less dependent on the diffusion distance of the 
poller (the thickness thereof) and the dif^on 
characteristics of the supercritical fluid, e.g. 
C0 2 , m the particular polymer used. 

Following formation of the desired f luid/oolvme- 

material, the chamber <s ooen*r „h * * 

-s openea and tne material is 

removed therefrom so that the nressure and 
temperature thereof rapidly assumes ambient room 
conditions (e.g., 2 5° c, 14.6 psi, . such rar><d 
changes in temperature/pressure conditions induce a 
thermodynamic instability so that foaming («i W 
nucleation and cell expansion) takes olace within toe 
material. The foaming time to achieve a desire 
supermicrocellular foam PVC material, for examole, is 
about one or two minutes, such time being more" or ' 
less dependent on the temperature of the mate^i 
prior to removal, it is found that, such PVC mate-'ai 
achieves a cell density of about 2 X io" ceUs/cc 
and an average cell size of about 0.8 microns. The 
cell density is primarily a function of the amount of 
supercritical fluid in the fluid/polymer solution. > 
microphotograph of. an exemplary cross-section of such 
material is shown in FIG. 6, magnified 2000 times 
me cell distribution being substantially uniform' 
throughout the material. 

Similar experimental foamed materials were made 
using substantially the same technique. For exam^e, 
a glycol modified polyethylene-tereohthalate (i e* 
copolyester) polymer material (?ETG) was suoolied ' 
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VI J. =«fici« supercritical CO, £ln id over , 
temperature and pressure ^ - 

°r two iainutes, proauc . ng > - aiout one 

,»t»r» i =roc.Uul.r foa»ed KTG Mteriil _ 
suostantialiy unifon, c«u d^-ih,,,.- 9 
d«««y of about 3 x io" cells/cc an ' 
ceil si 2s of about 5 ^ 8V «W 

ut * is shown in Fir, -7 ^ 
times. ' " 3 "^"cation of 1000 

in some cases, particularly when using a 
semi-crystalline material it h u " 
laming temoerature must be hi h ^ ^ ^ 

temoeratu- For 1" " ^ MbiMt r ° om 

af.ec^v.Xv saturated £luia/polyBer _ » ^ « 

a pressure of about 1S00 - ™ °=-ur 

teaperature of 43° c over . *• ana a 

hou-s p„i, ° Ver stlBe P«i»» of about 15 

is "oan r i 0 "" 15 £0n,ati0 " «» 

rooa t 3 ^ hi5hSr ^P««tu« than a^iant 

roc temperature, a.,., * 160 o c „ lent 

temperature of which is a- n= • • 

, icn 15 a - the aesired l 60 ° c 

■level. SuoermicroceiluiaT- • 

m» " . OCe - lular foaming Was found t t . 

Place m about 10 seconds. i n - such C2sp ^ 
ce11 cJ , , n suctl C£ se, an average 

° - S1 " ° f ,f ° ut l -« -i=ron and a cal] dens'i-v of 

•bout , x „u cells/cc . vis ac J r TLt- 

^ougnout tne aateriai. A aicropnotocrson of sue 
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foamed rigid PVC material is shown in FIG. 8, at a 
magnification of 5000 times. 

A similar foaming temperature 160° c was used 
for both low density and high density oolyethylene 
(LDPE and EDPZ) polymers, in the case of a low 
density sheet of ?z having a thickness of 1/16 inch, 
the formation of a suitable fluid/polymer system took 
place at a pressure of 3 000 psi and a temperature of 
43° c over a 10 hour time period, while 
supermicrocellular foaming occurred at the 160° c 
level at ambient pressure in about 20 seconds. Such 
operation produced very small average cell' sizes of ' 
about 0.1 micron and cell densities of about 5 X 
10 14 cells/cc. m the case of a sheet of high 
density PE having a thickness of 1/15 inch, formation 
of a desired fluid/polymer system also occurred at 
3000 psi and 43° C over a 10 hour time period, 
while foaming occurred at ISO 0 C and ambient ' . 
pressure in about 20 seconds. ' Such operation 
produced very small average cell sizes of about 0.2 
microns and ceil densities of about 6 X 10 13 , 
cells/cc. .'.Microphotographs of exemplary foamed LDPE ■ 
polymers and foamed HOPE polymers are shown in FIGS . 
9 and 10, respectively, at magnifications of 5000 
times (FIG. 9) and of 2000 times (FIG. 10), 
respectively. 

In a further exemplary case, a sheet of 
polycarbonate polymer having a thickness of 1/16 inch 
was supplied with supercritical C0 2 to form a 
•suitable fluid/polymer system at a pressure of 1500 
psi (10.2 MPa) and 43° C over a 15 hour time 
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period, while foaming occurred at 160° c and 
anient pressure in about io seconds to produce 
■ -rage cell sizes of about 2 microns J J? 
Densities of about 2 x io 11 cells/c- A ' 
microphotograph of an exemolary c-o«- see *i 
is shown in FIG -n a . „ * . C ^° n tnersof 

in FIG. U aw a magnification of 2000 tines. 

* the c T ti r ^rr s de?icted in ?igs - 12 - » 

densities J " " n £Vera?e Si2SS £nd «U 

■ —rials, m the figures, the bars as related to" 
ecn material are so designated in each case 
can be seen, generally the smaller the ceU size 

greater *- cen - « - 

. use ?r0dUCin9 5 ««W for 

-e n the process of the invention is performed «„ 
the above particular examples at a temperature o-~ 
4, C ana at pressures of 1500 psi or 3000 Ds < 
«uca temperatures can range from about. 33° c to 
about 45° c, or higher, and such pressures can 
range from about 1400 F si to about 6000 psi or 

acre. The supercritical fluid should have a 

relatively high density "e a ^ 

m .. ,, y ' e * g -' for supercritical 

co, fluia a density of about 0 oifi Bn i« 

- ^uuu u.ui& moles per cubic 

rr; aiout Boies pe -- ^ -ti^. 

can be used. — 

Although the technique described above with 
reference to FIG. 3 is in effecz . batch process 
techmoue, foamed materials can also be made using a 
continuous process in which polymer plastic peH els 
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or sheets are used. FIG. l4 , for e = 
one such continuous technigue using a Uo^SL ' 
, twin screw extrude- of » ^ "^tmg 

■ the a- f Q > ■ " e Vell - ta0 ^ to those in 

-n« a-, .or supplying a sheec of ± / 
■j p x-. ^ x - Qe - ~° a chamber 

, lB L * 0 - i - ° f the «W . supercritical " 

-polymer «««tu. in the fo „ of 

pallets, supplied thereto via a h0DDer , 2 " 17 _ 
^ '° • m.shin s tv,„^ r 

r.r. y ." for •"--^ . I ;r t0 

* shee. dae 34. A continuous sheet of oclyme- 
--rial is thereby supplied to ah errand 36 of 
rollers held at a substantially constant 
temperature. A motor 3, is used to control the 

position of roller 35 cn *. 

. 3 3 so as to control in turn the 

residence time o f the polymer sheet in chamh \„ 
. =°"rom„ g the length of the sheet resident in the" 
hammer. The roll er system 36 is positioned within a 
jammer „ to which is supplied a supercritical fluid 
i-oo a source 3 9 f"e>-oof 

■ ^~ e -of. For example, a source 39 

o- C0 2 „ a gaseous form, supplies CO, gas to a 
compressor 40, the temperature of the gas and' the • ^ 
~e at the compressor being controlled to place 
t«. C0 2 in ltS supercritical state when it is 
supplied to chamber 33. 

• the Tj h °' ShSet ° f POlyaer Pl£Stic through 
the roller system 36 a, a selected soeed, e.g J a 

linear space of about l.o inch/second, the 

supercritical fluid and the polymer form a 
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fluid/polyaer system • 

ys "- em ' sufficient i=i »i i ^ w • 
so that the she et is f ^ su ??lied 

as it leaves chamber 3S Th with fl uid ' 

• Polymer emenres **urated sheet of 

- es '■Jon cnambe^ 3r i--*.' 
chamber 41 v ** » lnto a f °aminc 

chaabe- 33 to . s ° cu — ^ *-=>•» the pressure in 

amoient pressure, es t , e -S-, 
ttac* the dynMic ^ *»«« 

Mt.ri.1 which e.u a — * 6 fluid /P°l.™« 

foajnir.c hest=. s 44 a,. J P " 9 ^ sh *« adjacent 

« th. sheet resiLt r ,1 f ^ 

» "sing a „ otor 45 41 «=3«™t heaters 

«- mu L^mr ^»*» « 

f ~?a.a so the, the p^He ^ * "J?*"- «".■ 
appropriately foamed as ^ , 

foxing heaters 4 T " ° f 

- ^lalTT^^' ^ *— — 

foamed sheet m t l " * ^ 

ti»e for such annla, h * ats " «. the 

sacn annealing process beinc con-mi i • k 
chang^c the length of the she- Conjroll «d by 

heaters 46 usino \ 1 * reside « adjacent 

<*o using a motor 47 rh* * 

annealed, mate^al can ^ &nd 

^e-^al can tnen be sunol^ f- n ™ * 
chamber 4 1 to a - a > - u -°J-ec f^om foaming 

- to a u ake-up roller devic* 43 

40 iOr storage . 
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_A.n alternative continuous foaming process is 
aepicted in FIG. 15 using the system of FIG. 14 in a 
somewhat different manner. As can be seen therein . 
supercritical fluid is supplied tQ . ^/ 

^ I"": Vhil£ ^ serial is being e„ 

irom extruder ha^oi 30 . . 

30 ' une supercritical fluid 

e.g.., C0 2 , being obtained from a co 2 gas SUDD w ' 
50 and a compressor 51, as before. The supercritical 
fluid is supplied to the interior of heated ' extruder 
ba~.l 30 at an appropriately selected position so as 
to introduce the fluid into the molten polymer- 
materiel. Sufficient supercritical CO, is suoo^ 
so as to form a molten fluid/polymer material* In 
which the polymer is effectively saturated w< th 
supercritical fluid. The molten fluid/polvme'r 
material exits from extruder barrel- 30 and" is 
supplied to a sheet die 34. Sheet die 34 forms a 
sheet of such fluid/polymer material, which saturated 
sheet is then supplied to an arrangement 53 of 
cnilled rollers in a foaming chamber 52 The 
pressure in the chamber 52 is maintained at a level 
lower than that at the extruder barrel exit and as 
^he pressure drops upon entering of the fluid/nclyme- 
material- into chamber 52, cell nucieation occurs " 
within the material. The chilled rollers maintain 
tne cell nucieation condition and the f luid/oolyme^ 
material is then supplied to foaminc heater 44 
where ceil expansion and, thereby, completion of the 
foaming process is achieved. As in the svstem of 
*IC 14, the foamed polymer material can be annealed, 
e.g., for crystallization of the foamed doIv^ if 
oesired, by annealing heaters 46 (optional, \nd the 
annealed foamed polymer material can exit' the foaming 
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chafer for supply to a take-up device 43 via 
chained rollers 54 « nf 

iS 54 • Moto " 37, 45 and 47 are u s *n 
as above, to control the residence times of 1 s 
' at the corresponding regions of. chamber 52 

A further alternative embodiment o^ the 
-continuous process shown in FIGS . l4 and „ 
aepxcted in Fi G . 16< vhereifl , 

e-g., C0 2 ln its supercritical state, is suoolied ' 
to an exrrucer barrel 30, as in FIG. is, to* 
Providing saturating an extruded fluid/poly^ 

fo^T therefrOE ' — ial^s'tnen 

formed into a she-t of *i„i^ , 

- c 0t ^uid/polymer material and 

V ""^ <*-« 55, the pres e in 

' "" arial " S »^" d f » arraneement 

=h * «-P-ature roHers ana thence ex < ts 

chamber 55 via a dynamic preSMre 5? _ 

K the pressure in chamber 55 is maintained at 
substantially the 

any the same pressure as the saturation 

Pressure of the supercritical fluid suoolied by 
compressor 51, both cell nucleation and" cell 
expansion occur as the fluid/polymer sheet exits via 
oy^c seal 57 due to the pressure drop f rojn the 
Pressure m chamber 55 to the lower pressure in an 
annealing chamber 53. The foamed polymer materia. «. 
hen passed through chilled rollers so to maintain" 
its foamed condition and supplied to annealina 
hewers 46 and thence to take-up device 43, as 
berore Residence times in chafers 55 and 53 are 
controlled by motors 37 and 47, respectively as 
before. ' 
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If the pressure in chamber 55 is controlled to be 
at a level below that of the saturation pressure of 
the supercritical fluid supplied by comoressor 51 
cell nucleation occurs as the sheet material ex<ts 
sheet die 34 into the lower pressure chamber 55. The 
chilled rollers 56 maintain the nucleated cells. 
• Cell expansion then occurs as the polymer material 
exits at dynamic seal 57 to an even lower pressure 

annealing chaabe- 53 e c „+. _ 

~ - so ' e -S-< a<- aaoient pressure, so 

that the completely foamed polymer material is 
obtained at that point. The chilled rollers 60 
maintain the ceil expansion, m such an ooeration as 
depicted in FIG. 15< foaming (i.e., cell nucleation 
and cell expansion) taxes place substantially solely 
due to the pressure differentials which occur in the 
system. Such operation can be contrasted with that 
of FIG. 14, for example, wherein cell nucleation 
occurs due to the- pressure differential at dynamic 
seal 4 2 and cell expansion occurs due to the 
temperature differential at foaming heaters 44. Such 
operation can also be contrasted with that of FIG. 
15, for example, wherein cell nucleation occurs due 
to the pressure differential at the exit of sheet die 
34 and cell expansion occurs due to the temperature 
differential at foaming heaters 44. 

The embodiments discussed with reference to FIGS. 
1-16 disclose techniques in which foaming can take 
place, using supercritical fluids, at various 
temperatures, i.e., at room (ambient) temperature or 
at higher temperatures. FIG. 17 depicts "an exemplary 
system in which the foaming operation and the forming 
of an article therefrom can be accomplished in the ' ' 
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w» overall coercion at abi^t, or room/ 
^perature. As car. be seen ^ , molfl 

r^? 9 8 1S " er m ° ld b ° dy " » cavitv 

IS ,Ovacly Bounted t<J „ OVe « cl » 

of cavity „ usi„ g . suitable J-" 1° ° - 
hycraunc 3 ac k „ rinM f crc „ shown by irrow „ 
via a suitable dynamic pressure seal 65. 



V 



A pUeble sheet 66 of a poller plastic mate-<a, 
" ' emM ab ° Ve « mc-ld bodv 6a betw-i; 

tue suitably shaped holders 6, so that wh.n\o ld 
body 61 ls noved downwardly in to cavity 62 a 
cup-shaped article of p„iy„ er plsstic ^ 

forced therebetween. Prior to fomin, the articU a 

supercritical nu^d e> n -„ . . ie ' 2 

s . 3 . a , -°' e - g " C0 2 « its supercritical 

» — , from a source 68 thereof, is SUD3lied to 

chafer 64 via a suitable valve 69, the'sume^ticai ' 

2 aT £lly being suppiied at * ; ;i; he 

^ a^xent temperature, chamber 64 is press 

Zli * " hi?h ?rSSSUrS ' e ' g -' 3000 P-i- 
(PMa), .he temperature within chamber 64, however 

being maintained at a suitable temperature on the' 

. order of the critical temperature, or higher, o"* the 

supercritical fluid. The supercritical Lid in 

Pa-Hi S H tUra r S P ° lymer Sh£et 66 aft « * time . 
Pe-iod , hl cn depends on the polymer material ' 

involved. The temperature in chamber 64 is'reduced 

u0 rooin (ambient) tampe^atu^P 

, ^pe.au.e ana, vnen the polvme- 

sneet is saturated with suoerc-iticai *]»<h - ' ^ 
cr , . - ~ luxcai iluid, tne mold 

body 63 is moved downwardly into cavity 62 and, 
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preferably, the pressure in the chamber is then 
reduced via the operation of pressure relief 
valve 70. The drop in pressure causes a ceU 
nucleation and cell expansion within the oolyme- 
material as the molding of the article occurs " 
thereby causing a foaming of the polymer material and 
me .orming of an article from the foamed mate^ ' 
the article having a supermicrooellular structure ' 
Accordingly, the article is both foamed and formed at 
room (ambient), temperature, in one overall operation. 

in the above disclosed embodiments, there is a 
finite time which is reguired for a polymer material 
to become saturated with a supercritical fluid, i e 
for. a sufficient amount of supercritical fluid to be' 
introduced into the polymer to .form a f luid/oolvme^ 
system which can be appropriately foamed to provide a 
desired supermicroceilular foamed material, mn. , n 
some cases such time can be as low as 10 minutes, 
e.g., when using a soft PVC material havina a 
thickness of V i 6 inch , in other cas£s ^ 

may be required depending on the thickness desired 
While such embodiments can be useful in many 
applications, in other applications it may be 
desirable to reduce the time need for such purpose 
For example, in order to enhance the ability to use 
the technique of the invention in some aoolications 
to achieve relatively high production rates for 
obtaining supermicroceilular formed material, it is 
often desirable to use much shorter saturation time 
periods, one technique for doing so is deoicted in 
the system shown in FIG. is in wnich a SUDercritic£l . 
fluid is introduced into an extrusion barrel 70 for 
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' fin extrusion barrel 7n „..,•,. 
- screw 71, of a tyoe . . ^ 70 u ^l"es a mixing 

« . p. lmr Mwl „ ir "' ( ":° uiiich pi " ti = 

hopper assembly -, Ths " " "deduced via s 
. ^ Mt, pellets' ^t^Z^ 15 h£3ted 

-i ten state £S are j s ;r reach a 

along the barrel 70 i„ , lng SCrew 

discussed with mf 0 . to that 

. " w-Lun reference to figs u 

source 82 of CO ™* : • ' * nd 16 ■ A 

ot co 2 gas ls introduced in-o fi, 

extrusion barrel at a selected T 

-rew 71 via the op e .at 10n oT " ^ ^ 
-ive. 73/ the tej ra u "an L^ 1 " ^ ~ 
e)tt -, ei „ . e ana Pressure in the 

exi.asion barrel 

- - greater ^r^; , b r c ° ntroiud s ° - 

Pressure for ^ ^ ^«atur. and 

^ be preheated before w •' ^ *" 

P-ent too sadde „ a / „ s " °"p- f d " irefi - " 
- f « .t the h ig her ™ * «» 

Alternatively, the co, gas C£n bp """^ 

supercritical state e^ converted to its 

- s^aue externa » i v tn 
barrel and suooUed * a ' extrusion 

PP-iea u0 tne mixing screw as a ■ 
supercritical CO-, fi uid . 

The supercritical co rim* •• . 

•^n, enhances the ^ 

— — .s„ t = " / ^ 
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the polymer because the contact area of the two 
materials being mixed is increased by the mixing 
process and the depth required for diffusion is' 
decreased thereby. 

Thus, the supercritical co 2 fluid is mixed with 
the molten polymer by the motion of the mixing 
screw, as the mixing screw rotates, it generates a 
two-dimensional shear field in the mixed 
C0 2 /polymer system. The bubbles of supercritical 
C0 2 fluid in the polymer melt are stretched along 
the shear directions of the shear field. The 
stretched bubbles are then broken into smaller 
spherical shaped bubbles by the perturbation of the " 
laminar flow which is generated by the mixing sc-ev 
The irregular blades used in the mixing screw chance 
the orientation of the co 2 /polymer interface 
relative to the streamlines, which change increases 
the efficiency of the laminar mixing occurring 
therein. 

The C0 2 /polymer mix is supplied to a static 
mixer 74 which continually changes the orientation of 
the C0 2 /polymer Interface relative to the 
streamlines and thereby also enhances the mixing " 
process, static mixers for use in an extrusion 
barrel are well known to the art and are made and 
sold commercially. The diameter of static mixer 74 
should be small and the static mixer can comprise a 
selected number of mixer elements 75, as further 
discussed below. 
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If the dimeter of the static nixer elCTants 
t=o lar S e, the flow rate of the C0 2 /oolvner «^ " 
erethrouph ^ -11 ana, co„ae^ ntly the^ 6 

small. The epherioal shapes of the bobbles would 
be .attained because the surface ^ " 
«-« be do»i„ant and, in effect, the surface " slon 
»=uld overcome the effect of the relatival, snaU 
Shear freld. «hen the f lo„ race is too sj.l a 
sta.ro Mixer is not effective for nixin, ae 

CVpo ly »er systea because of such dominant su-fac 
tension. Eence i*- i- e ^ . u 

th« ces ^* to make the diaa.fr 

tne static mixer relatively. saan . 

The characteristic length of the static Mixing . 
which occurs. in static mixer- 7 < , p hh ! ' 
tbic^ees of the „ixad c^^^ IT""" 

approximately d/2 n wher=> d i= -ck ■ j- 

. " wner ~ a ^ the diameter of the ■ 

—wic mixer elements and n is the number the 

elsffle ^75. Better mixing occurs when aixe>- 

■characteristic length of the mixing decreases as -the 
peter decreases, as well as when a relatively 
large number of mixing elements is used. The' number 

of-mixmg 6leaents «* th. diameters thereof can be ■ 
selected so as to = 

static „. ^"factory and adequate 

static mixing operation. 

During the static mixing of the copolymer 
system, the CO, molecules in the bubbles alstf tend 
to dirfuse somewhat into the polymer melt material 
which surrounds each bubble. However, the.bri.arv 
elusion operation takes place i, a diffusion * 
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chamber 76 into which the two-phase mixture is 
introduced. The mixture then becomes a complete" 
single-phase solution in the diffusion chamber as the 
C0 2 diffuses into the polymer therein. The C0 2 
concentration in the single-phase C0 2 /polymer 
solution thereby produced is substantially uniform 
throughout the solution and the solution is 
effectively homogeneous. If the supercritical co 2 
fluid does net diffuse into and saturate the polymer 
uniformly and homogenously, the foamed structure that 
•is ultimately formed will not be uniform because the 
cell morphology strongly depends on the local gas 
concentration in the solution. 

The homogeneous and uniform fluid/polymer 
solution in diffusion chamber 76 is then heated in a 
heating section 77 thereof where the solution is 
rapidly heated (in a typical case the temperature may 
rise from about 190° C to about 245° C, for 
example) , so as to form nucleated ceils in the 
saturated solution due to the thermodynamic 
instability which is created because of the decreased 
solubility of the fluid/polymer solutions at the 
higher temperature. The greater the decrease in 
solubility which occurs., the higher the. cell 
nucleation rata. To prevent" the nucleated cells from 
growing in the extrusion barrel 30 a high barrel ' 
presssure is maintained. The solution with nucleated', 
cells is then injected into a mold cavity 73 of a 
mold 79, the pressure in the mold cavity being 
controlled by providing a counter pressure to prevent 
cell growth during the mold filling process. The 
counter pressure is provided by the insertion of air 
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under arsssiiro - 

Fissure ^roo a source so the^of via 
valvs si. FinaTiv shut -off 

tma.iy, cell growth occurs inside ^ 
-Id cavity when the mold cavitv is e ^L ed f 
• Pressure therein is reduced rapid! , "* 
Produce , a p „ iflstahility e ^ es 

^TZTTZ' - ex?ansion of the * cld • 

u - cea ar! d foamec articio *u 
o , . AC - S navmc the saa^l cpIi ^-t, 

and hich ceM densi-, a = ^ Slzes 

sc^w fo- : v deSired - 3y ' Usi ^ - ^xing - 

c w i0fc proviaing a shear f . aid g 

laminar flow of the mixed materials and 1, ! 

both * e*.,^- • u "^~ia±s and then by usina 

a .masts and a s.Uctad nmber o£ ^ 

elements ana a dUjfusion chamber saturaj . 

curs Tn a time period r ,^ ired to ^id 
sa.ura.xon can be reduced f-cm -h^ 
embodiments of the ^^ll " ^ 

«Ut it is possible" ^ ^ PreVi ° US1 ^ S ° 

at relative v „ ■ I continuous operation 

-eiauively high production rates -h a - 
pcssinle «,» , onger sa;urat 0 ^ «* * 

? s«iuurat A on eunes are needed. 

The provisos of. ettremely small call sizes a-,d 
hlSh deMiti « hereof - a £ caa,ed colvme- "at!".! 
as achieved when usln, supercritical ^V^" 1 ' 
previa ens f oamin 9 operation, as desert v :h 
reterence no the above embodiments of t„ 

*» rcanad meteriais obtained, particular^ B oeed 
vi oi previous standard ce n u v a . or B . ! " 
*~ am _s . — Uia - or microcellular- 

foamed macaria 1 s Thn= U 

-c_s. inu S( the mechanical ^..^v 
toughness thereof ans sub^ a • „ lengths and 

a.a substantially greater, even 
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when the weight of the material fi « Ml . . 

is _i derahly reduced ; M - - - :r 

PC v.er material is US£d in the process 

accordingly, Serial is conserved .and the osts 
thereof are reduced. 

While the embodiments of t-h* 
,u . or tte invention desc^her* 

ai^ove represent pre^T-pH omK - • ■ ^ ed " 

, . _ P",e,.red embodiments the^of 

modifications thp^nf • ^. ' 

oe-~ to th 1U ° ther 

IT::, I " the art " ithir ' «» spir^ and SC0D ; 

or the invention. Fence ^. pe 

-ence, oie invention is nr-^ ^„ u 
construed as limited t« ^ • be 

ther-of H specific embodiments 

hereof described abcvo exc=n- =^ j -• 
a „„ j , ' exca P>- as dermed bv t*e 

appended claims. ' 
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What is claimed is: 

1- A foamed material comprising 
a material to be foamed; 
£ supercritical fi uid introduced in-o 

::x?L to fora a supercriticai — - 

sys.em having a plurality Qf distr . 
substantially throughout said material., 

2 a foamed material according to claim i 
w^rem said material is a polya . r p^^ 

■3. A foamed material according to claim* , 
, herein said supercritical flB<d J a ca' - * 
fluid which f« < carbon epoxide 

uia which is « lts supercritical state. 

4. A foamed material according to claim 2 
wherem said polymer plastic -material is selected' 
rrom the group consist!^ „- ' selected 

s^-crystaliL ^^HT' • 
-ermoplastic polymers and ' 

3, A foamed material according to claim l 
wherein said supercritical fi,,,-* ■ 
**in - 4. • " criuical rlu id is introduced into' 

"l MtoaI " a "Uet- pressure and at" 

first s el . cted temperature vnereby sai fi cel-s a" 

aestabilized. 7 

•«. A foamed material having a oiurality of c-H. 
substantially uniformiv dist-ibu^/^ 

* u - s -- J -^Uuea tnerem, the can 

denSlty ° f said ""= 1» «M material lyinb in a 
range frc about i,» t3 5bout caU / p ^ 
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cubic centimeter of said material, the average s<ze 
of said cells being less than 2 microns, wherein the 
total volume of the cells formed in said foamed 
material comprise a fractional percentage of the 
total volume of said foamed material which lies 
within a range from about 20 to about 9 0 fraction 
percent. 

7. A foamed material according to claim 6 
wherein said density lies in a range from about 
10 ■ to about 10^ cells per cubic centimeter o^- 
said material and the average' size thereof is less 
than about l.o micron. 

a. A foamed material according to claims 6 o- 7 
wherein said fractional percentage is less than 50 
•fraction percent. 

9- A method of producing a foamed material 
comprising the steps of 

providing a material to be foamed;' 

introducing a supercritical fluid into said 
material to be foamed at a first temperature and at a 
first pressure; 

changing the temperature , and pressure from " 
said first temperature and said first pressure to a 
different selected second temperature and a different 
selected second pressure to produce a 
supermicrocellular foamed material containing a 
plurality of voids or cells distributed substantially 
throughout said material. 
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10. A method in accordance with ^ ■ 
said introducing step includes ^ CU » 8 V ^ 
supplying a fmi d at a tWBD 

pressure below a c-it*ca. * ' Md 

J-T-icai tearaeratUT-o anr! = , • 

• ■ ra ising the teaoe*-atu:r.» a ^ 
fluid to said fi^. tp * nd pressu " of said 

-^perature and said fi~- 
pressure above sa^d c ~i-,> a1 , 

critical nr." temperature and said 

L Press ^ s to, piace S aid fluid in its 

supercritical fini* ' 

ica- fluid state, whereby sa<d fi n <„ 4 • 
supercritical fi u ^ d stata :„ . * . fluid ln lcs 

x • . -e staue is introduce'-' in-n 

material to be foamed. S£ld " 

11. A method in accordance w^h ■ 
the introduction of said ^IZr^L T-l 

' tin. Peri0d Stt :- f : c T; lc fl " ld 

nate-iai »_ >, " C1S » L to cause said 

lal to become effectively _, . 

supercritical fluid. "stated «th said 

conpriain" ^ " *«- ""eriai ' 

: « ::r;::i:; =ntroiud ~ — 

• Sd PP±i-ing said suoei — in^i 
mto said chaabe- to in-.. • ■ P '~~ lulcal fj - u ^ 

"uid into said ^Ui "»«««•" ' 

Pressure t -^»*« « 

in saia chamber at vhir-s - 

fluid is introduced into sa- ffl 1 SU ^<="ticai 
a _n.o sa.d material so that said 
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material is effectively saturated with said 
supercritical fluid; 

means for changing- the temperature and 
pressure in said chamber to induce a thermodynamic 
instability in said material so as to produce a 
foamed material having a plurality of cells 
distributed substantially throughout said material. 

13 . A system in accordance with claim 12 wherein 
said temperature and pressure controlling means " 
supplies said supercritical fl^id to said chamber for 
introduction into. said material at a high pressure 
relative to atmospheric pressure' and at a temperature 
above room temperature; and 

said temperature, and pressure controlling 
means reduces said temperature substantially to room 
temperature and reduces said pressure substantially 
to atmospheric pressure to produce said foamed ■ 
material . 

14. A system for producing a foamed material 
comprising 

extrusion means; 

^ means for supplying a material to be foamed 
to said extrusion means; 

sheet die means; - 

said extrusion means providing extruded - 
material to said sheet die means; 

means for heating said extrusion means to 
cause said extrusion means to provide said extruded 
material at a temperature above room temperature to 
permit said sheet die means to produce a continuous 
sheet of said heated extruded material; 
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means for transporting saM canH™ 

Mans for supplying supercritical fluid t„ 

1 1 " t e r sheet Mtariai " ■ «* 

iatlve to atmospneric pressure; 
said v , 0e£nS f ° r reta ^ing said Serial within 
■ Said V ° 1Uae f ° r a Efficient tine period to permit 
saia supercritical fluid ,f fa -«, - P ^ 

heated sheet material " " tot - 

means for removing said heated she-t 
material saturated with said supercritical f^d fro m 
said volume at a reduced pressure, and ' 

which has^" hSating DeanS heSting SSid ^-ia! 
which has. been removed from said volume so as' to 

Produce a continuous sheet of foamed mat " having 

a Plurality of cells distributed 

throughout said sheet of foamed material. ' 

wherein; " ^ " 

ro.le^ maintained at a substantially cbhs-ani- 
temperature for transporting said sheet o", 
througn and voluae; and "atrial 

"id retaining aeans including means f 0 - 
concrouing t„e positio „ , t Uast J J°- 

rollars so as to control tha residence ti„, of sa-d 
sneet of material as «« «. 

volume. transported through said 

.ai/L " aCC ° rda * Ce ^ claim U wherein 

saic removing ffiea ns includes a dynamic pressure seal 
tnrough which said sheet material is removed LI 
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said volume and further including chilled roll., 
means for transporting said removed sheet materia! 
from said volume at a reduced temperature. 

17. A system in accordance .with" claim 14 wherein 
said roam heating -means includes one or more heaths 
and heater transporting means for transporting said 
removed sheet material along a path adjacent said 
heaters. 

13.. A system in, accordance with claim 17 whe^n 
saia heater transporting means includes: 
one or more rollers; and 
means for controlling the position of at 
least one of said .one or more rollers to control the 
■ • time over which said sheet is transported along sa<d 
patn adjacent said heaters. 

.19. A system in accordance with claim 14 and 
further including means for annealing said continuous 
sneet of foamed material. 

20. A system for providing a foamed material 
comprising 

extrusion means; 
sheet die means; 

means for supplying a material to be foamed 
to said extrusion means; . 

means for heating said extrusion means to 
Place said material into a molten state during the 
extrusion thereof in said extrusion means; 

means for supplying a supercritical fluid at 
a high, pressure relative to atmospheric pressure to 
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said extrusion means' to ^t-ad,^ ' • 

is effectively saturated ^ £ -teri.i 

fluid, said suoercr^ticalT-! SUperc ^ical 
, . - iW ^-ticai fluid sa^afaj 

*«ng supplied from said extras ^ 
sheet die means to n ext ^ ion means fcQ sa 

— 1 sa^ ~ I — of said 

mears for ' ica - f luid; 

temperature as said sneet matX' T s ! " ^ 
through said volume at said love'-' ! WrU " P ° rt - d 

«i=s said volmae so m tM 1 " " id «•« .atarial 

° f Mt «^ . Plarau p -X u r c !, " b " mms 

inches . p lmU;y 0£ — 
22. A system in accnH a « 

transported thrash s2id voW l ~ " ^ « 

23 - A systea in accordance ui-i, • 
"» -aans incXude, " 

«• « mora r=U, rs £or trans , omng 



WO 92/17533 



PCT/US92/02690 



- 36 - 



. said sheet material along a path adjacent 
said heaters; and 

means for controlling the position o* af 
least one of said one or more rollers to control the 
time over which the sheet material is transported 
along said path adjacent said heaters.' 

.24. a system in accordance with claim 20 and 
further including means for annealing said continuous 
sheet of foamed material. 

25. A system for producing a foamed material 
comprising ■ ■ 

extrusion means; 
sheet die means ; 

means for supplying a supercritical fluid- at 
a high pressure relative to atmospheric oressure to 
said extrusion means to introduce said suoercr^ ti cai 
fluid into said molten material so that said molten" 
material is effectively saturated with said 
supercritical fluid, said material which, is saturated 
with said supercritical fluid being supolied from . 
said extrusion means to said sheet die means to 
produce a continuous sheet thereof;. ■ 

■ > means for transporting said sheet material 
through a volume having a pressure which is 
. substantially the same as said high pressure and for 
maintaining the temperature of said sheet material at 
a selected temperature as said sheet material is ' 
transported through said volume at said high 
pressure; 

means for reducing the oressure and th- 
temperature of -said sheet material as it exits from 
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said volume so as to produce a sheet of foamed 
.material having a plurality of cells distributed 
substantially throughout said' sheet material. 

26. A system in accordance with claim 25 wherein 
said transporting and temperature maintaining means 
includes a plurality of rollers. 

27. - a system in accordance with claim 26 and 
further including means for controlling the position 
of at least one of said rollers to control the 
residence time of said sheet material as it is 
transported through said volume. 

23. A system in accordance with claim 25 and 

further including one or more chilled rollers through 

which said sheet of foamed material passes so as to 
maintain the foamed .condition thereof. 

29. A system in accordance with claims 25 and 
further including means for annealing said sheet of 
foamed material. 
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